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INTRODUCTION
For studying the transfer of sensible and latent heat from a crop canopy, the single-layer model (the Penman-Monteith approach) is still widely used because of its simplicity. In this approach a crop canopy is treated as a surface equivalent to a big leaf at a certain level above the ground. In analogy to the stomatal resistance for a single leaf, Monteith (1963) introduced a bulk resistance r c, which is often called canopy resistance, and proposed an extrapolation method to obtain the surface values of temperature and vapour pressure from measured profiles of these two properties above a crop canopy. The value of the canopy resistance can then be calculated.
Experiments have been conducted on various crop canopies to justify the use of r c as representative of the physiological resistance of the whole canopy. It was found (Monteith, 1981) for barley, sorghum, soybean and sugar beet that the canopy resistance is close to the bulk stomatal resistance of a canopy defined with all the leaf stomatal resistances treated as parallel resistors. That is, the canopy resistance for a crop canopy as a whole plays the same role as the stomatal resistance for a single leaf, as far as the transpiration rate is concerned: the partition of the net radiation absorbed by the whole crop canopy between the sensible and latent heat losses is regulated by the canopy resistance.
There has been some discussion (Thorn, 1972 (Thorn, , 1975 Monteith, 1973) concerning the discrepancy between the locations of the equivalent surface for momentum absorption and for the transfer of sensible and latent heat. This discrepancy is due to a so-called excess resistance to the sensible and latent heat transfer (Thorn, 1972) . The extrapolation method was improved by including the excess resistance, but the canopy resistance is still obtained by calculation rather than by extrapolation itself. This is because, in Monteith's extrapolation method humidity was specified by the water vapour pressure e, hence, two different abscissas for e and the temperature T are required, and the horizontal distance between T and e profiles has no physical meaning.
In the present paper, the water vapour pressure e is replaced by the dewpoint temperature Td, so that one abscissa can be used for both temperature and humidity, and the horizontal distance between T and Td profiles now being proportional to the vapour pressure deficit of the air. Moreover, T and Td profiles can be further extrapolated downward, so the canopy resistance can be ·obtained directly from the graph. Based on this graphical representation, the effect of choosing different values of the excess resistance on the canopy resistance thus obtained can be clearly demonstrated.
MONTEITH'S EXTRAPOLATION METHOD
Above a crop canopy the windspeed u, air temperature T and water vapour pressure e are measured at several heights. These profiles are regarded as logarithmic, so they are represented by straight lines in a graph with ln (z -d) as ordinate. The parameter d is called zero plane displacement. First, the wind profile is extrapolated downward to intersect the ordinate.
The intersection point is ln (z 0 ) (Fig. 1) , where z 0 is termed the roughness length. This level at the height d + z 0 is regarded as the location of the equivalent momentum sink of the crop canopy since wind speed and momentum vanish there. Similarly, the profiles of temperature and vapour pressure can be extrapolated to obtain the values of temperature and vapour pressure at some equivalent surface. The problem is: to which height should these profiles be extrapolated? Monteith (1963) extrapolated these profiles down to the level ln (z 0 ), which implies that the location of the equivalent surface for sensible and latent heat sources is assumed the same as that for momentum absorption.
The surface values of temperature and vapour pressure thus obtained are denoted by T(Oh and e(Oh in Fig. 1 . There are, however, systematic vertical differences within a crop canopy in the distribution of sources and sinks for heat, water vapour and momentum. It is unlikely that the equivalent surface for sensible and latent heat sources is at the same height as that for momentum. Roughly speaking, compared with the heat and vapour transfer the absorption of momentum is enhanced by pressure forces normal to the leaf surfaces, so the resistance to heat and vapour transfer is higher than that to momentum transfer. The difference between them is called excess resistance, denoted rex (Thorn, 1972) . According to the aerodynamic method (Monteith, 1973) , the turbulent resistance between two levels z 1 and z 2 , r, is
where k is von Karman's constant, and u* the friction velocity. The parameters d, z 0 and u* can be obtained from the wind profile (Thorn, 1975) . Equation 1 means that, in a graph with ln (z-d) as ordinate, such as Fig. 1 , the vertical distance in the figure is in fact a measure of turbulent resistances between relevant levels. The fact that heat and vapour experience an excess resistance compared with momentum means that the equivalent surface for heat and water vapour is below that for momentum, say at ln(zH) shown in Fig. 1 , ln(zH) being determined by, following eq. 1, the value of the excess resistance
To obtain representative surface values of temperature and vapour pressure the profiles of temperature and vapour pressure should be extrapolated to the level ln (zH) as shown in Fig. 1 . The intersection points A 2 and B 2 represent the surface temperature T(Oh and vapour pressure e(Oh, respectively. When T(O) and e(O) are obtained by extrapolation (either as T(0) 1 and e(Oh or as T(Oh and e(Oh), the canopy resistance is calculated from
where peP is the volumetric heat capacity of air, I' the psychrometric constant and AE the latent heat flux density above the canopy.
GRAPHICAL EXTRAPOLATION METHOD TO DETERMINE rc
Besides the water vapour pressure e the dew point temperature Td can also be used to specify the humidity of the air.
The saturated vapour pressure versus temperature curve is more or less exponential in nature, but as a first approximation, a segment of the curve can be replaced by a straight line with a slope .Ll, evaluated at a selected temperature Tp. Thus,
e 8 (T) = e 8 (Tp) + .Ll (T-Tp) and it follows from these two equations that
where the constant is equal to Tp-e 8 (Tp)/Ll. Thus, the profile of Td is also logarithmic. The procedure for obtaining the locations of the equivalent surfaces for momentum and heat ln (z 0 ) and ln (zH ), and the representative surface value of temperature is the same as in Monteith's method. For illustration, the surface location 2 in Fig. 2 equivalent surface for heat and vapour. The surface temperature obtained by extrapolation is then determined by the intersection point A 2 as T(Oh. Now extrapolate the profile of dew-point temperature Td, to intersect the surface location 2. The intersection point is B 2 (Fig. 2) , which gives the surface value of the dew-point temperature Td(Oh. The difference between the present method and that of Monteith is that in the former the Td profile can be extrapolated further downward to reach the surface temperature T(Oh. The intersection point is denoted by C 2 , and the level is represented by ln(z 8 ). The length of A 2 C 2 in the graph is proportional to the canopy resistance, which can be proven as follows.
Because the resistances involved have dimension m -1 s, they can be made dimensionless by multiplying with a velocity. The characteristic velocity scale here is obviously u*, so that a dimensionless excess resistance r!x, which is often denoted B -1 and a dimensionless canopy resistance r~ are defined as r!x = B-1
It follows from eqs. 2 and 7 that the distance between the surface locations 1 and 2 equals kB -1 , as shown in Fig. 2 . According to the aerodynamic method, the latent heat flux density is calculated from
Equation 9 shows that the latent heat flux density is proportional to the slope of the e line in a coordinate system with ln (z -d) as ordinate. This slope can be replaced, following eq. 6, by that of the Td line, denoted as srd. Then eq. 9 can be written as
The canopy resistance rc, following eqs. 3, 6 and 10, is now
From Fig. 2 it can be seen that T(O)-Td(O) is the length of B 2 A 2 , and
Td is the length of A2 c2. Hence, it has been proven that the length of A 2 C 2 , which is obtained by extrapolation is proportional to the canopy resistance rc, or more precisely, it equals kr~, as shown in Fig. 2 .
THE EFFECT OF CHOOSING DIFFERENT rex ON rc
It can be seen from the above argument that discarding Monteith's assumption about the coincidence between the equivalent surfaces for heat and momentum introduced an uncertainty about how to choose the appropriate surface location. Although the excess resistance rex and its dimensionless counterpart B-1 were introduced, they cannot be determined a priori, or by the profiles of wind speed, temperature and vapour pressure above the canopy. In fact, B-1 is related to distributions of sinks and sources for momentum, heat and water vapour, so that it can only be simulated by a multi-layer model (Chen, 1984b) , or measured experimentally (Chamberlain, 1966) . Thorn (1972) estimated that B-1 is approximately four for several crops. This subject will not be discussed here, since the aim is to examine the effect of choosing different values of excess resistance on the value of the canopy resistance obtained by extrapolation. In fact, this effect can be clearly shown in the graph using the dew-point temperature extrapolation method.
Because the air humidity is specified now by dew-point temperature Td rather than by vapour pressure e, the same abscissa for both T and Td can be used. Furthermore, the saturation temperature deficit, T-Td, which is proportional to the water vapour deficit, is immediately visible as the horizontal distance between the two lines for T and Td.
When the Bowen ratio (C/'A.E) equals the critical value, 'Y/fl, the saturation heat flux density J = C-('Yfil)AE equals zero. The driving force for J, the gradient of the vapour pressure deficit (Chen, 1984a ) is then also zero. In this case, the Td line becomes parallel to that ofT. It can be clearly seen from Fig. 2 that the length of A 2 C 2 will be independent of the surface location for heat and vapour when T and Td lines are parallel. In other words, the canopy resistance rc obtained by extrapolation is independent of the value chosen for the excess resistance, as noted by Thorn (1975) .
When the Td line deviates from the parallel-to-T-line position to the right, as shown in Fig. 2 , i.e. J is smaller than zero or the evaporation rate is larger than the so-called equilibrium evaporation rate (Priestley and Taylor, 1972) , as the chosen value of the excess resistance increases, the value of the canopy resistance declines. The minimum is zero, shown in Fig. 2 as the surface location 3. This is the location of an equivalent wet surface giving the same sensible and latent heat flux densities as those above the real canopy. When the Td line deviates to the left, increasing the chosen value of the excess resistance, it increases the canopy resistance. In this case, the equivalent wet surface is not below but above the measured profiles.
It can also be seen from this approach that the larger the deviation of the Bowen ratio from its critical value, the larger the effect of the different values of the excess resistance on the value of the obtained canopy resistance will be. In these cases, it is important to know the value of B -1 more accurately in order to obtain a correct value of the canopy resistance.
DISCUSSION
The linearization of the saturated vapour pressure curve is an approximation; it is feasible only when the linearized region is not too large. This region is determined by the lowest dew-point temperature of the air and the surface temperature (Chen, 1984a) . In this paper the saturation vapour pressure curve in the whole region is replaced by a single straight line with a slope determined at a selected temperature, usually the mid-point temperature in the region. Because the surface temperature is unknown before extrapolation, iteration is needed. A ten-degree temperature difference is acceptable (Chen, 1984a) . When the temperature difference is too large, the temperature interval to be linearized can be split into two parts in order to reduce the error. One represents the region between the lowest dew-point temperature of the air and the dew-point temperature of the surface; the other represents that between the dew-point temperature of the surface and the surface temperature. Then two slopes Ll 1 and Ll 2 are introduced, evaluated at the mid-point temperature of, respectively, these two regions. It can be shown that eq. 11 for the canopy resistance rc is modified by a multiplication factor Ll 2 /Ll 1 , while the essential features of the graph do not change. 
